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Transmission electron microscopy analysis (TEMA) was used to analyze the bronchoalveolar lavage fluid (BALF) of 262 subjects occupationally
exposed (OE) to nonfibrous mineral particles (NFMP) and 42 controls not occupationally exposed to mineral dusts. OE subjects were divided into
three groups according to the lapse of time since last exposure: <1 year (El), >1 year and <10 years (E2), .10 years (E3). The total BALF mineral par-
ticle concentration was significantly higher in OE patients than in controls and was closely related to the time lapse since last exposure to NFMP
(median values for OE, 7.7x105 particles/ml; El, 9x105 particles/ml; E2, 5x105 particles/ml; E3, 4.3x105 particles/ml; controls, 2x105 particles/ml).
No statistical difference was observed for age and smoking habits between OE and control subjects. Concentrations of crystalline silica and metals
(exogenous iron, aluminum, metallic alloys and other metals) were significantly higher in OE subjects than in controls, and even though these min-
eral concentrations decreased with increasing time since last occupational exposure, they still remained higher in the E3 group than in controls.
Crystalline silica and metals were thus identified as biopersistent NFMP in the human lung using BALF ATEM method. This method is a useful tool
in assessing occupational exposure to NFMP, even when a long period has elapsed since last exposure, and may be used in studying etiology of
some respiratory diseases. - Environ Health Perspect 102(Suppl 5):269-275 (1994)
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Introduction
Many respiratory diseases result from
accumulation offibrous or nonfibrous mineral
partides (NFMP) in the lung (1). Although
analysisoflungsamplesprovidesthemostdirect
index for studying the accumulation ofmineral
dusts in the lung, lung biopsy or autopsy tissue
is rarely available. Bronchoalveolar lavage pro-
vides a safe noninvasive tool for analysis of
alvolar cytological, immunological, and miner-
alogicalparameters (2-6).
Chemical and mineralogical analysis ofthe
BALF provides a good estimate oflung dust
loadandmaybeveryhelpfuil inestablishingeti-
ological diagnosis ofoccupational lung disor-
ders. Many studies performed on fibrous
partides inhumans have demonstrated that the
concentration ofasbestos bodies in BALF is
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correlated with the parenchymal concentration
(7). Characterization and quantification of
asbestos bodies (usingoptical microscopy) orof
fibers (using electron microscopy) in BALF or
lung tissue is very useful in interstitial diseases,
pulmonary malignancies, and mesothelioma
(7-11). Thesemarkersprovideagoodestimate
ofprevious exposure to asbestos evenlongafter
exposurehasceased, asasbestosfibers remain in
thelungsforalongperiod.
In contrast, few studies have been per-
formed on NFMP in BALF, perhaps due
to the lack of specific markers such as
asbestos bodies and to the complexity of
the methods required-transmission elec-
tron microscopy (TEM) or scanning elec-
tron microscopy (SEM), each with
associated analytical techniques. Moreover,
some NFMP are found in almost all sub-
jects (12,13). Some studies have focused
on mineralogical analysis of particles in
macrophages or in BALF of pneumoconi-
otic patients (14,15), ofsubjects with vari-
ous occupational exposure (13,16-19) or
of those not occupationally exposed
(16,19,20). These studies provided miner-
alogical profiles suggestive ofa given occu-
pational exposure. Good agreement has
been observed between the particle types in
BALF and lung samples ofsubjects without
recent significant occupational exposure to
NFMP (20). Mineralogical determination
oftrace elements has been made in alveolar
macrophages or lavage fluids of controls
(21) or of workers exposed in various
industrial settings (22,23). There have been
few studies ofthe relationship between time
since last exposure and the mineralogical
profile measured in BALF (14,19).
The current study was undertaken to
determine the biopersistence of NFMP in
human lung. Analysis of BALF using TEM
was performed in active and retired workers
occupationally exposed to NFMP. The
objective was to determine whether the min-
eralogical profile recovered from these work-
ers was influenced by time since cessation of
exposure and whether the analysis ofNFMP
in BALF could be used for the assessment of
past occupational exposure which could be
related to respiratorydiseases.
Methods
StudyPopulation
The exposed group consisted in 262
subjects for which a mineralogical analysis
of NFMP in BALF was requested in our
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Table 1. Characteristics ofstudysubjects.
NFMP-exposed subjects
Characteristic Controls El +E2+E3 pa El E2 E3 pb
Number ofsubjects 42 262 186 38 38
Gender: male/female 24/18 250/12 177/9 37/1 36/2
Male/female ratio 1.3 20.8 19.7 37 18
Agec 48.9 50.1 NS 45.4 57.1 65.5
(16.8) (13.3) (10.5) (13.2) (10.8)
Smoking,%
Undetermined 7.1 13 14 13.2 7.9
Never 40.5 23.7 NS 21.5 28.9 28.9 NS
Ever 52.4 63.3 64.5 57.9 63.2
Pack-years forsmokersc 30.8 24.7 NS 23.4 29.5 26.9 NS
(24.9) (14.5) (13.8) (18.7) (12.7)
NFMP, nonfibrous mineral particles. NS, not significant. aLevel of significance when the E1+E2+E3 group is compared
with controls. bLevel ofsignificance when El, E2, D3 groups aresimultaneously compared. cData shown as mean (stan-
dard deviation). p<0.05. -p< 0.01. *p<0.001.
Table2.Total particle concentrations in BALF(x 1Oi/ml).a
NFMP-exposed subjects
Controls El +E2+E3 El E2 E3
[411 [221] pb [160] [311 [301 pc
Mean 4.4 18.4 20.9 14.7 9.0
(SD) (11.0) (35.2) (39.6) (22.4) (22.4)
Median 2 7.7 ** 9 5 4.3 *
(5-95% percentiles) (0.7-10.4) (0.49-57) (0.52-80.5) (0.4-48) (0.56-30)
NFMP, nonfibrous mineral particles. aNumbers in brackets indicate the number of subjects for each group of latency.
They differed from Table 1 because relevantcountwas impossible in some BALF. Thiswas mainlyexplained by presence
of aggregated particles. bLevel of significance when the El +E2+E3 group is compared with controls. cLevel of signifi-
cancewhen El, E2, and E3groups arecompared simultaneously. 'p<0.05. -p<0.01. -p<0.001.
laboratory between 1981 and 1992. This
analysis was performed on samples col-
lected in more than 30 hospitals. For each
patient, information on tobacco smoking
and work history including dates ofbegin-
ning and end of each occupation, were
recorded. All patients had at least one job
in which they were exposed to NFMP,
either mentioned on the questionnaire or
as deduced from the job title.
Occupationally exposed (OE) patients were
divided into three groups according to the
time lapse between the end of the last
exposure to NFMP and the date of BALF.
Group El were subjects for whom the time
since last exposure was <1 year; for group
E2 the period was >1 year but <10 years,
and for group 3, .10 years.
The controls were 42 subjects without
occupational exposure to NFMP, recruited
during the same period.
PartideAnalysis
All chemicals employed for preparing the
samples were filtered using Millipore mem-
branes (0.45-pm pore size), and care was
taken in all procedures to avoid contamina-
tion. Recovered BALF (2-39 ml, median:
17 ml) was collected in flasks containing
10 ml of 10% formalin, then treated with
sodium hypochlorite for 2 hr at room tem-
perature to digest all organic material. The
mixture was then concentrated by filtration
through a carbon-coated polycarbonate
membrane (Nuclepore, 0.4 pm pore size).
After drying for 5 min in an oven, the
Nuclepore membrane was again coated
with a carbon film and the collected parti-
cles were transferred onto copper TEM
grids as previously described (24). The
mineralogical analysis was performed using
an analytical transmission and scanning
electron microscope (TEM SCAN Jeol EX
II) equipped with an energy dispersive X-
ray spectrometer (TRACOR TN 5502).
For each sample, particles were analyzed at
magnification x20,000 for morphology
and elementary chemical composition in
randomly selected fields (24 pm2). The
numerical concentrations per ml of BALF
ofall types ofNFMP, greater than 0.1 pm,
were first determined by scanning a suffi-
cient number of fields to obtain at least
200 particles. In a second step, relative per-
centages of different mineralogical species
were determined by analysis of 50 to 100
particles in randomly selected fields. Each
particle was identified by its morphological
features, electron diffraction pattern, and
microanalysis spectrum. Nineteen miner-
alogical species were identified: crystalline
silica, amorphous silica, kaolin, mica, talc,
chlorite, other phyllosilicates, feldspars,
other silicates, calcite, exogenous iron,
endogenous iron, aluminium, titanium,
metallic alloys, other metals, fly ash, others,
and undetermined. Exogenous and
endogenous iron particles were differenti-
ated by their diffraction patterns and phos-
phorus content, as the former showed
crystalline features and no phosphorus,
while the latter was noncrystalline and con-
tained phosphorus. "Other metals" indi-
cated any of the following: antimony,
bismuth, bromine, cadmium, cerium,
chromium, cobalt, copper, gold, lead, mag-
nesium, manganese, molybdenum, nickel,
palladium, tin, tungsten, zinc, or zirco-
nium. "Others" referred to particles con-
taining magnesium and calcium (probably
dolomite), or sulfur and barium (probably
barite). "Undetermined" referred to parti-
cles without any diffraction pattern, which
were probably carbonaceous particles, since
the microanalysis system only detected
chemical elements with atomic number
greater than 10. In the following results,
the word "metals" includes exogenous iron,
aluminium, metallic alloys, and other metal
particles. Because the purpose was to study
exogenous contaminants, the relative per-
centages ofmineralogical species have been
calculated excluding endogenous iron.
StatisticalMethods
One-way analysis of variance was used to
compare age and tobacco consumption
between exposed subjects and controls.
The test also analyzed these factors accord-
ing to the period elapsed since exposure
among exposed subjects. The relationships
between total particle concentration, age,
and smoking were studied in previously
exposed workers and controls using the
Spearman rank correlation test.
Because the distribution of particle
concentrations was neither normal nor log-
normal and variances were different
between OE and control groups, nonpara-
metric statistics (Wilcoxon rank sum test)
were used to compare total and relative
particle concentrations between El+E2+
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Table3. Relative particle concentrations in BALF(percentage oftotal particles).ab
NFMP-exposed subjects
Controls El +E2+E3 El E2 E3
[42] [246] [178] [36] [321
Particletype Mean Mean Mean Mean Mean
(SD) Medianc (SD) Medianc pd (SD) Medianc (SD) Medianc (SD) Medianc pe
Crystalline silica 17.2 13 25.8 22.9 ** 26.4 23.9 25 22 23.3 22 NS
(14.7) (0-50) (18.5) (0-62) (18.9) (0-64) (18.5) (0-60) (16.2) (0-60)
Amorphous silica 4.5 2 3.6 0 *** 4 0 2.9 0 2.6 0 NS
(5.4) (0-16) (11) (0-12) (12.5) (0-12) (5.2) (0-10) 5.9 (0-20)
Kaolin 12.8 12 7.7 4 7.3 4 6.8 4.9 11.1 5.3 NS
(8.6) (2-26) (10.6) (0-30) (10.6) (0-24) (12.8) (0-36.5) (13.7) (0-40)
Mica 11.3 9.5 8.4 4 ** 6.9 3.1 12.1 8 12.5 6 **
(9.4) (0-26) (11.1) (0-32) (9.8) (0-26) (12.8) (0-36.5) (13.7) (0-40)
Talc 1.6 0 2.9 0 NS 2.6 0 2.4 0 4.9 0 NS
(3.0) (0-10) (7.6) (0-16) (6.3) (0-14) (4.8) (0-16) (14.2) (0-46)
Chlorite 1.7 0 1 0 ** 1.1 0 0.7 0 0.8 0 NS
(2.8) (0-8) (3.3) (0-5) (3.7) (0-6) (1.7) (0-4) (1.9) (0-6)
Phyllosilicates 0.8 0 0.9 0 NS 0.9 0 1.1 0 1 0 NS
(2) (0-4) (2.2) (0-6) (2.3) (0.6) (1.8) (0-6) (1.8) (0-4)
Feldspars 7 6 6 4 NS 6.4 4 5.8 4 4.6 2 NS
(10.7) (8.4) (0-25) (8.9) (0-26) (7.4) (0-26) (6.2) (0-14.3)
Othersilicates 5.7 6 4.7 2.7 NS 4.4 2 4.9 3.5 6.5 4 NS
(4.5) (0-12.5) (5.5) (0-16) (5.3) (0-14) (5.5) (0-17.9) (6.4) (0-19.2)
Calcite 13 5 5.7 2 * 5.3 2 6.7 1 6.9 3 NS
(19.3) (0-48) (10.6) (0-30) (10.7) (0-30) (11) (0-34) (9.9) (0-32)
Exogenous iron 5.1 2.2 8.7 4 NS 9 4 9.8 4 6.3 4 NS
(6.9) (0-22) (16) (0-30) (16.2) (0-36) (19.3) (0-70) (9.8) (0-31.5)
Aluminum 2.2 0 6.6 2 * 7 2 6.2 1 5.1 2 NS
(4.3) (0-10.7) (12.7) (0-28) (13.5) (0-30) (12.2) (0-30) (7.9) (0-24)
Titanium 4.9 4 3 0 *** 2.8 0 4.3 2 2.5 2 *
(6) (0-17.6) (7.3) (0-20) (7.5) (0-20) (8.2) (0-24.3) (5) (0-12)
Metallic alloys 5.1 2.7 6.1 4 NS 6.6 4 5.2 2 4 3.7 NS
(8.3) (0-16) (10.2) (0-20) (11.5) (0-22) (6.8) (0-23) (3.9) (0-12)
Othermetals 1.3 0 2.3 0 NS 2.5 0 1 0 2.8 0 NS
(2.3) (0-6.7) (9) (0-10) (9.4) (0-10) (2.1) (0-4) (11) (0-8)
Flyash 1.5 0.5 1.2 0 ** 1.3 0 0.8 0 0.6 0 NS
(2) (0-6.4) (3.6) (0-4.3) (4.1) (0-6) (1.3) (0-4) (1.5) (0-4)
Others 2.5 0 3 0 NS 3.5 0 1.4 0 1.8 0 NS
(7.1) (0-14) (8.3) (0-12) (9.5) (0-15) (2.7) (0-6) (3.5) (0-8)
NFMP, nonfibrous mineral particles. NS, not significant; SD, standard deviation. aNumbers in brackets indicate the number of subjects for each group of subjects. bData on undeter-
mined particles are not presented because oftheir very lowfrequency in most subjects. cValues in brackets are for 5 and 95% percentiles. dLevel of significance when controls are
compared withthe El +E2+E3 group(Wilcoxon rank sumtest). eLevel ofsignificance when El, E2, and E3 groups are compared simultaneously(Kruskal-Wallistest). p<0.05. 'p<
0.01. "''p 0.001.
E3 group and control subjects, as well
as to compare E3 group and controls.
Simultaneous comparison of El, E2, and
E3 groups was performed using the
Kruskal-Wallis test.
All calculations were carried out using
SAS statistical software.
Results
StudyPopulation
Distribution of subjects between the
groups El, E2, and E3; and by age, sex,
and smoking histories, are presented in
Table 1. The sex ratio was very different
between controls and exposed subjects,
since almost all NFMP-exposed subjects
were male. No statistical differences were
found between El+E2+E3 group versus
control group according to smoking habits
nor to cumulative smoking expressed as
pack-years for each smoker. No significant
difference was observed among El, E2, and
E3 for smoking. As expected, age increased
significantly with lapse of time since expo-
sure, E3 subjects being the oldest.
Total Partide Concentrations in BALF
The sex ratio was different in controls and
exposed groups, but since no significant differ-
ence was observed in the total partide concen-
trations of male versus female controls, all
controlswereretainedinthefollowinganalysis.
Total particle concentration of NFMP
was statistically higher in exposed workers
than in controls (Table 2). Median total
particle concentrations exhibited significant
decreases as a function of increasing time
lapse since last exposure in NFMP-exposed
subjects. No significant effect of smoking
was observed on total particle concentra-
tions in BALF among controls and exposed
subjects (data not shown). A significant
decrease of total particle concentrations
with increasing age was observed in con-
trols (r=-0.31,p<0.05).
ElementaryChemical PartideAnalysis
The relative and absolute particle concen-
trations for 17 main particle types are given
in Tables 3 and 4. NFMP-exposed subjects
exhibited significantly higher relative parti-
cle concentrations than controls for
crystalline silica and aluminum and signifi-
cantly decreased relative particle concentra-
tions for amorphous silica, kaolin, mica,
chlorite, calcite, titanium, and fly ash.
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Table 4. Absolute particle concentrations in BALF(x103/ml).a,b
NFMP-exposed subjects
Controls El +E2+E3 El E2 E3
[41] [205] [152] [29] [24]
Mean Mean Mean Mean Mean
Particletype (SD) Medianc (SD) Mediancc pd (SD) MedianC (SD) Medianc (SD) Medianc pe
Crystallinesilica 75.1 30.7 471.4 172.2 *** 531.5 196.5 355.1 107.8 231.1 106.6 NS
(172) (0-270) (906.3) (0-540) (1012.1) (0-1938) (568.7) (0-1682 (256.7) (4.3-812)
Amorphous silica 11.7 3.2 68.5 0 NS 80.3 0 33.4 0 36.2 0 NS
(14.8) (0-37.2) (391.1) (0-210) (449.5) (0-210) (95.1) (0-360) (123) (0-114)
Kaolin 46.3 19.2 177.4 24.4 NS 197.5 25.6 73.5 21.6 75.6 18 NS
(67) (1.1-175) (794.2) (0-640) (906.6) (0-640) (152.7) (0-264) (391) (0-720)
Mica 57 15.2 177.2 24 NS 164.6 14.9 219.1 31.2 206 70.1 *
(170.9) (0-91) (658.8) (0-676) (725.7) (0-560) (414.5) (0-1400) (423.2) (0-480)
Talc 6 0 42.2 0 NS 39.3 0 13.5 0 94.7 0 NS
(22.4) (0-18.2) (177.5) (0-153) (130.5) (0-232) (35.5) (0-97.2) (402.8) (0-140)
Chlorite 3.2 0 25.4 0 NS 31.9 0 9.2 0 4 0 NS
(5.3) (0-15.2) (166.5) (0-74.4) (192.5) (0-108) (34.9) (0-74.4) (8.3) (0-20.8)
Phyllosilicates 1.9 0 12 0 NS 9.5 0 27.1 0 10 0 NS
(7.2) (0-7.6) (41) (0-82) (37.1) (0-58) (63.7) (0-192) (24.3) (0-32)
Feldspars 128.3 7.5 105 26 ** 122.8 27.8 51.6 16.2 56.6 14.3 NS
(729.8) (0-72.8) (277) (0-410.7) (316.8) (0-640) (73.7) (0-204) (86.6) (0-228)
Othersilicates 12.6 8.4 70.8 14 NS 79.3 14 48.7 7.4 43.9 22.8 NS
(14.7) (0-37.2) (148.3) (0-378) (159.3) (0-400) (138.3) (0-264) (57.3) (0-150)
Calcite 18.3 9.5 34.2 2.8 NS 31.3 1.35 42.6 0 42.3 16.4 NS
(22.4) (0-65.9) (69.4) (0-160) (65.4) (0-145.2) (93.9) (0-288) (60.5) (0-160)
Exogenous iron 11.9 4 324.9 20 ** 343.3 23 467.9 7.6 35.3 9 NS
(18.8) (0-46.8) (2118.4) (0-1040) (2375) (0-1040) (1470) (0-3915) (73.1) (0-214.2)
Aluminum 5.6 0 87.2 0 ** 102.4 6.6 56.1 2.6 28.4 9.4 NS
(15.7) (0-12.8) (184.3) (0-504) (206.9) (0-540) (97.5) (0-243) (47.5) (0-126)
Titanium 13.7 7.1 55.2 0 NS 65.9 0 25.3 2.4 22 12 NS
(18.7) (0-45.8) (384.9) (0-130) (444.5) (0-168) (71.6) (0-96) (31.8) (0-112)
Metallicalloys 29.2 3.4 93.1 14 * 111.9 17.5 46.4 4 31 18.8 NS
(109.7) (0-45.5) (237.1) (0-350) (269.7) (0-540) (87.8) (0-306) (52.2) (0-140)
Other metals 3.3 0 52 0 NS 63 0 13.2 0 29.2 0 NS
(6.1) (0-15.6) (378.1) (0-117.5) (436.9) (0-132) (32.7) (0-117) (100.8) (0-56)
Flyash 7.3 1.5 24.6 0 ** 31.1 0 5.5 0 6.4 0 NS
(22.4) (0-20.4) (128.6) (0-84) (148.5) (0-130) (18.7) (0-34) (18) (0-32)
Others 5.8 0 118.7 105.6 NS 154.2 0 16.3 0 17.7 0 NS
(14.6) (0-29.6) (747.2) (0-2258) (865.2) (0-396) (44.7) (0-117) (51.5) (0-84)
NS, not significant; SD, standard deviation. aNumbers in brackets indicate the number of subjects for each group of subjects. bData on undetermined particles are note presented
because oftheirvery lowfrequency in mostsubjects. cValues for5% and 95% percentiles. dLevel ofsignificance when controls arecompared with the El +E2+E3 group(Wilcoxon
ranksumtest). eLevel ofsignificance when El, E2, and E3groups arecompared simultaneously(Kruskal-Wallis test). p<0.05. "p<0.01. "'p<0.001.
Comparison of the three exposed groups
revealed significant differences only for
mica and titanium.
Analysis of absolute particle concentra-
tions revealed significant increases in crys-
talline silica, feldspar, exogenous iron,
aluminum, metallic alloys, and fly ash in
NFMP-exposed subjects compared to con-
trols. In contrast, only absolute particle
concentrations for mica were significantly
different among El, E2, and E3 groups.
Biopersistence ofNFMP in BALF
The E3 subjects are the most pertinent
group for the study ofbiopersistence because
they represent the group with the longest
duration since last occupational exposure to
NFMP. Compared with controls, the BALF
for E3 subjects had significantly higher con-
centrations of crystalline silica, aluminum
and metallic alloys (Table 5).
The distribution of concentrations of
crystalline silica and metals (exogenous iron
+ aluminum + metallic alloys + other met-
als) as a function of duration since cessa-
tion of exposure to NFMP is given in
Figure 1. Both mineral phases exhibited a
decrease in concentration with increasing
duration, with median values for the E3
group remaining significantly higher than
those for controls.
Discussion
The total particle concentration was higher
in OE subjects than in controls, primarily
due to the high proportion of recently
exposed workers (El) in the OE subjects.
Analysis of relative and absolute NFMP
concentrations in BALF revealed signifi-
cant differences between OE subjects and
controls. The increase ofa given mineral as
a possible result of occupational exposure
automatically reduces the relative percent-
ages of other minerals without any signifi-
cance in terms of biological response.
Therefore, only increased mineralogical
species in OE workers compared to con-
trols were considered pertinent in terms of
pulmonary dust load, especially when the
increase affected absolute concentrations of
the minerals.
Crystalline silica, aluminum and metals
(i.e., exogenous iron+ aluminu,m + metallic
alloys + other metals) exhibited increased
retention in the BALF of OE subjects in
terms of relative percentage as well as
absolute concentrations. Some individual
metals (exogenous iron and metallic alloys)
exhibited increased retention in the BALF
of OE subjects only in terms of absolute
concentration. Although relative particle
concentrations ofamorphous silica, kaolin,
mica, chlorite, calcite, and titanium were
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Table 5. Biopersistence of NFMP inthe human lung: comparison of E3 and control groups.ab
Level ofsignificance (Wilcoxon ranksumtest)
Relative particle concentrations Absolute particleconcentrations
Particle type (E3: n=32; controls: n=42) (E3: n=24; controls: n=41)
All particles *1
Crystalline silica NSC
Amorphous silica *1 NS
Kaolin NS NS
Mica NS **T
Talc NS NS
Chlorite *41 NS
Otherphyllosilicates NS NS
Feldspars NS NS
Othersilicates NS *I
Calcite NS NS
Exogenous iron NS NS
Aluminum NSd *1
Titanium **I4 NS
Metallic alloys NS I1
Other metals NS NS
Flyash **J1 NS
Others NS NS
aLevel of significance ofthe comparison of E3 and control subjects is as follows: p< 0.05; **p< 0.01; ***p< 0.0011; NS,
not significant. bArrow indicates way of variation of the result of E3 when compared to controls. I: increase; .1:
decrease. cp=0.05.dp=0.08
Absolute particle concentrations
(x 103/ml)
1000 ,
800 -
600 -
400 -
200 -
04-
* All NFMP
* Crystalline silica
* Metals
E Subjects El E2 E3 Control uet
Figure 1. Evolution of absolute particle concentrations in BALF according to time since last job exposing to NFMP.
Results are expressed as median ofeach group. "Metals" refers to exogenous iron + aluminum + metallic alloys + other
metals. p< 0.05. p<0.001 whencompared with control subjects. NFMP, nonfibrous mineral particles.
significantly increased, no difference was
observed between OE and control groups
in terms of absolute concentration. This
indicated that the lung dust burden was
not modified for these minerals in OE sub-
jects. Absolute concentrations of feldspars
and fly ash should be interpreted with cau-
tion since mean and median concentrations
varied inversely. That inverse variation may
be due to the dispersion of the individual
values ofthe dust content in BALF, so that
the mean value might have been strongly
influenced by outliers, which did not influ-
ence the median concentrations.
Comparison of the mineralogical
species in the BALF ofE3 and control sub-
jects suggests that crystalline silica and met-
als remained significantly elevated in the
BALF ofsubjects more than 10 years after
cessation of exposure when compared to
controls. The absolute median concentra-
tion ofmica was significantly higher in E3
subjects than in controls, and showed an
increasing tendency when comparing El,
E2, and E3 groups (p < 0.05) although
there was no statistical difference between
El+E2+E3 group and controls. No such
trend was observed for "other silicates",
although their absolute median concentra-
tion was also increased in E3 when com-
pared to controls. These results suggest that
mica and "other silicates" should not be
considered as biopersistent minerals.
In previous studies ofthe mineralogical
species encountered in the BALF of
NFMP-exposed subjects, the populations
evaluated and the methods used were dif-
ferent, making difficult any comparison
with the present study. In only very few
was TEM coupled with an energy disper-
sive X-ray analysis system used to study
individual particles, as in the present study
(12-15,18,20). This method provides bet-
ter spatial resolution power than SEM.
One author, also using TEM, expressed his
results in terms of positive mineralogical
species in alveolar macrophages (17).
Others have determined trace elements in
alveolar cells using energy dispersive X-ray
fluorescence (21,23,25) and expressed
results in ponderal concentration per 103
cells. Some authors used SEM fitted with
X-ray spectrometry and polarized light
microscopy to determine the mineralogical
load of alveolar macrophages (16,19). All
these factors make comparison difficult.
Another factor that may influence the
mineralogical results and hence the possi-
bility ofcomparing data, arises because our
BALF samples were provided by many hos-
pitals; it was not possible to ensure that
the methodology used for sampling was
identical.
Preparation of BALF samples may also
greatly influence mineralogical analysis,
especially when fragmentation ofconglom-
erates occurs in highly concentrated sam-
ples. Review of methodological pitfalls
linked to specimen preparation ofBALF or
lung tissue has been published for SEM
and polarized light microscopy methods
(26), and for comparison of SEM and
TEM methods in lung tissue (27). The
present technique avoids anycentrifugation
or sonication ofthe BALF samples, and the
use of sodium hypochlorite as a tissue
digestant is effective and does not seem to
react with natural mineral dusts (28).
The size of particles analyzed may cre-
ate artificial differences since with TEM it
is possible to count all particles >0.1 pm
(13-15,18,20), while with polarized light
microscopy, only particles >1 pm can be
counted.
The site of sampling could also be a
source of discrepancy, since topographic
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variations in the distribution of asbestos
fibers in the lung have been described
(29,30). No such variations were described
for NFMP in lung tissue (29,31), except in
a study of bituminous coal miners, lungs
where higher concentrations ofparticles in
the upper left lobe were reported. How-
ever, the right lungwas not studied and the
degree of significance was not indicated
(32). No study has assessed such topo-
graphic variations in the recovery ofBALF
particles.
Population characteristics also are
important. One study reported significantly
higher mean particle concentrations in lung
tissue ofmales than in females (33), but to
our knowledge no study has detected possi-
ble sex differences in BALF dust load. No
significant difference was found between
male and female controls in the present
study, and the number of OE females was
too low to allow anyspecific analysis.
No effect of smoking on total particle
concentrations in BALF, of either controls
or OE subjects, was observed in our study.
Few studies have focused on the influence
ofsmoking on the mineralogical content of
BALF. While no significant effect ofsmok-
ing was observed on the mineral content of
alveolar macrophages using polarized light
microscopy (19), kaolin and mica species
have been significantly linked to smoking
status (17), and tobacco has been shown
to contain various mineral particles such as
crystalline silica, feldspars, iron and tita-
nium oxide particles, and phyllosilicates
(kaolinite and others) (34). Some authors
have reported significant effects ofsmoking
on total NFMP retention and relative min-
eral species observed in human lung
(31,35) while others did not (33,36). In
one study the effect ofsmoking was shown
to be limited to upper lobes, a region gen-
erally not affected by BALF sampling (31).
Calcium-containing particles have been
proposed as smoke tracers (37).
A slight but significant decrease of
BALF concentration with age was noted in
the control group, although one might
expect a progressive accumulation of min-
eral dust with increasing age. This accorded
with another study (36), and reinforces
the finding ofan increase both oftotal par-
ticle concentration and in the concentra-
tion of some mineralogical species in the
BALF ofE3 workers, since they were older
than the controls. By contrast, other
authors have reported an increase in aver-
age exogenous mineral particle, or trace ele-
ments concentrations with increasing age
in lung tissue (33,38).
The relative percentage of different
mineralogical species in OE subjects
seemed globally to accord with results of
another similar study of 51 subjects with
various occupational exposure (18). The
total particle concentration was ofthe same
order of magnitude; but since the results
were expressed differently, further compari-
son of mineralogical species was not possi-
ble. The results for controls and absolute
particle concentrations in BALF were
closely related to those of a study of 10
autopsy cases without known recent expo-
sure to NFMP (20). Total particle concen-
trations of exposed subjects were in the
range ofthose observed in another study in
which BALF was performed on 77 workers
with various occupations (13).
Biopersistence of specific mineralogical
species in the respiratory tract of exposed
subjects after termination of employment
has been reported many years after cessa-
tion ofwork (15,18,22,23); an excess was
found in the percentage of dusty positive
alveolar macrophages in BALF of 12
retired granite workers when compared to
active workers or controls (19).
The originality ofthe present work was
to use BALF to study all types of NFMP
for biopersistence in the lung. A previous
study did not find any significant differ-
ences in any of the particles analyzed,
except for fly ash (excess in BALF,
p < 0.05), nor was there any significant
correlation between the absolute number of
particles in BALF and lavaged lung tissue
(20), as was previously observed for
asbestos bodies (7). However, this study
was performed on a small series ofsubjects
without previously known occupational
exposure to NFMP.
It is usually accepted that mineralogical
analysis ofBALF provides a useful proofof
exposure when a significant increase of a
mineral dust is observed, but a causal rela-
tionship with any given pathology gener-
ally cannot be proved from such analysis.
Moreover, this method is not appropriate
for soluble compounds (especially cobalt).
Since BALF sampling and mineralogical
analysis procedures can influence the
results obtained, methods should be
standardized to allow formulation ofguide-
lines concerning the significance ofparticle
concentrations in BALF with respect to
occupational exposure (13,18). Such stand-
ardization will permit interpretation of
results even in cases where great individual
variation was observed between subjects
with closely related exposure to ubiquitous
mineral species. Efforts still need to be
made to study the relationship between the
NFMP mineralogical profile in BALF and
lung dust burden, both in unexposed and
previously occupationally exposed workers.
Despite the qualifications mentioned
here, we consider BALF mineralogical
analysis a useful tool for physicians in
assessing the etiology of respiratory dis-
eases, even when exposure has ceased long
before BALF was performed.
REFERENCES
1. Parkes WR. Occupational Lung Disorders, 2nd ed. London:
Butterworths, 1982.
2. Daniele RP, Elias JA, Epstein PE, Rossman MD. Bronchoalveolar
lavage: Role in the pathogenesis, diagnosis and management of
interstitial lungdisease. Ann Intern Med 102:93-108 (1985).
3. Semenzato G, Chilosi M, Ossi E, Trentin L, Pizzolo G, Cipriani A,
Agostini C, Zambello R, Marcer G, Gasparotto G. Bronchoalveolar
lavage and lung histology. Comparative analysis of inflammatory
and immunocompetent cells in patients with sarcoidosis and hyper-
sensitivity pneumonitis. Am Rev Respir Dis 132:400-404 (1985).
4. Klech H, Pohl W. Technical recommendations and guidelines for
bronchoalveolar lavage (BAL). Eur RespirJ 2:561-585 (1989).
5. Helmers RA, Hunninghake GW. Bronchoalveolar lavage. In:
Biopsy Techniques in Pulmonary Disorders (Ko Pen Wang, ed).
NewYork:Raven Press, 1989;5-28.
6. The BAL Cooperative Group Steering Committee. Broncho-
alveolar lavage constituents in healthy individuals, idiopathic pul-
monary fibrosis and selected comparison groups. Am Rev Respir
Dis 141:S168-S202 (1990).
7. Sebastien P, Armstrong B, Monchaux G, Bignon J. Asbestos bodies
in bronchoalveolar lavage fluid and in lung parenchyma. Am Rev
Respir Dis 137:75-78 (1988).
8. Gaudichet A, Sebastien P, Bientz M, Jaurand MC, Atassi K,
Bonnaud G, Bignon J. Metrologie des fibres d'amiante recueillies
par lavage bronchoalveolaire. Rev Fr Mal Respir 6:345-351 (1978).
9. Sebastien P. Possibilites actuelles de la biometrologie des poussieres
sur echantillons de liquide de lavage bronchoalveolaire. Ann Biol
Clin 40:270-293 (1982).
10. De Vuyst P, Jedwab J, Dumortier P, Vandermoten G, Vande
Weyer R, Yernault JC. Asbestos bodies in bronchoalveolar lavage.
274 Environmental Health PerspectivesBIOPERSISTENCE OFNONFIBROUSMINERAL PARTICLESIN THELUNG
Am Rev Respir Dis 126:972-976 (1982).
11. Tuomi T, Huuskonen MS, Tammilehto L, Vanhala E, Virtamo M.
Occupational exposure to asbestos as evaluated from work histories
and analysis oflung tissues from patients with mesothelioma. Br J
Ind Med 48:48-52 (1991).
12. Sebastien P, Gaudichet A, Bonnaud G, Bignon J. Etude critique de
l'apport de la metrologie des particules recueillies par lavage bron-
choalveolaire au diagnostic des pneumoconioses. In: Le Lavage
Bronchoalveolaire (INSERM, ed). 1979;361-372.
13. Gaudichet A, Pairon JC, Malandain 0, Couste B, Brochard P,
Bignon J. Etude min6ralogique des particules non fibreuses du liq-
uide de lavage bronchoalveolaire. Rev Mal Respir 4:237-243
(1987).
14. De Vuyst P, Vande Weyer R, De Coster A, Marchandise FX,
Dumortier P, Ketelbaut P, Jedwab J, Yernault JC. Dental techni-
cian's pneumoconiosis. A report of two cases. Am Rev Respir Dis
133:316-320 (1986).
15. De Vuyst P, Dumortier P, Leophonte P, Vande Weyer R, Yernault
JC. Mineralogical analysis of bronchoalveolar lavage in talc pneu-
moconiosis. EurJ Respir Dis 70:150-156 (1987).
16. Christman JW, Emerson RJ, Graham WGB, Davis GS. Mineral
dust and cell recovery from the bronchoalveolar lavage of healthy
Vermont granite workers. Am Rev Respir Dis 132:393-399
(1985).
17. Johnson NF, Haslam PL, Dewar A, Newman-Taylor AJ, Turner-
Warwick M. Identification of inorganic dust particles in bron-
choalveolar lavage macrophages by energy dispersive X-ray
microanalysis. Arch Environ Health 41:133-144 (1986).
18. Dumortier P, De Vuyst P, Yernault JC. Nonfibrous inorganic par-
ticles in human bronchoalveolar lavage fluids. Scanning Microsc
3:1207-1218 (1989).
19. Christman JW, Emerson RJ, Hemenway DR, Graham WGB,
Davis GS. Effects ofwork exposure, retirement, and smoking on
bronchoalveolar lavage measurements of lung dust in Vermont
graniteworkers. Am Rev Respir Dis 144:1307-1313 (1991).
20. Chariot P, Couste B, Guillon F, Gaudichet A, Bignon J, Brochard
P. Nonfibrous mineral particles in bronchoalveolar lavage fluid and
lung parenchyma from the general population. Am Rev Respir Dis
146:61-65 (1992).
21. Maier EA, Rastegar F, Heimburger R, Ruch C, Pelletier A, Maier
A, Leroy MJF. Simultaneous determination of trace elements in
lavage fluids from human bronchial alveoli by energy dispersive X-
ray fluorescence. 1. Technique and determination of the normal
reference interval. Clin Chem 32:551-555 (1985).
22. Maier EA, Dietemann-Molard A, Rastegar F, Heimburger R, Ruch
C, Maier A, Roegel E, Leroy MJF. Simultaneous determination of
trace elements in lavage fluids from human bronchial alveoli by
energy-dispersive X-ray fluorescence. 2. Determination ofabnormal
lavage contents and verification of the results. Clin Chem
32:664-668 (1986).
23. Corhay JL, Delavignette JP, Bury Th, Roelandts I, Weber G,
Radermecker MF. Analyse mineralogique du liquide de lavage
bronchoalveolaire de siderurgistes. Arch Mal Prof 52:339-344
(1991).
24. Sebastien P, Billon MA, Janson X, Bonnaud G, Bignon J.
Utilisation du microscope electronique 'a transmission (MET) pour
la mesure des contaminations par l'amiante. Arch Mal Prof
39:229-248 (1978).
25. Maier EA, Dietemann-Molard A, Rastegar F, Helmburger R, Ruch
C, Maier A, Roegel E, Leroy MJF. Simultaneous determination of
trace elements in lavage fluids from human bronchial alveoli by
energy-dispersive X-ray fluorescence. 3. Routine analysis. Clin
Chem 33:2234-2239 (1987).
26. Abraham JL. Documentation of environmental particulate expo-
sures in humans using SEM and EDXA. Scanning Electron
Microsc 2:751-766 (1979).
27. Chatfield EJ, Dillon MJ. Some aspects ofspecimen preparation and
limitations of precision in particulate analysis by SEM and TEM.
Scanning Electron Microsc 1:487-496 (1978).
28. Liebling RS, Hatt T. Extraction ofmineral dusts from lung tissue
using sodium hypochlorite. Environ Lett 2:153-165 (1971).
29. Paoletti L, Batisti D, Caiazza S, Petrelli MG, Taggi F, De Zorzi L,
Dina MA, Donelli G. Mineral particles in the lungs ofsubjects resi-
dent in the Rome area and not occupationally exposed to mineral
dust. Environ Res 44:18-28 (1987).
30. Churg A. The distribution ofamosite asbestos in the periphery of
the normal human lung. BrJ Ind Med 47:677-681 (1990).
31. Churg A, Wiggs B. Types, numbers, sizes and distribution ofmin-
eral particles in the lungs ofurban male cigarette smokers. Environ
Res 42:121-129 (1987).
32. Carlberg JR, Crable JV, Limtiaca LP, Norris HB, Holtz JL, Mauer
P, Wolowicz FR. Total dust, coal, free silica, and trace metal con-
centrations in bituminous coal miners lungs. Am Ind Hyg Assoc J
32:432-440 (1971).
33. Stettler LE, Platek SF, Riley RD, Mastin JP, Simon SD. Lung par-
ticulate burdens ofsubjects from the Cincinnati, Ohio urban area.
Scanning Microsc 5:85-94 (1991).
34. Moulin E, De Vuyst P, Yernault JC. Occurrence ofphyllosilicates
in tobacco. In: Health Related Effects of Phyllosilicates, NATO
ASI Series, vol G21 (J. Bignon, ed). Berlin:Springer-Verlag,
1980;1 17-121.
35. Churg A, Wiggs B. Mineral particles, mineral fibers and lung can-
cer. Environ Res 37:364-372 (1985).
36. Kalliomaki PL, Taikina-Aho 0, Pakk6 P, Sivonen SJ, Kalliomaki
K. Lung retained minerals correlated with smoking, emphysema
and lung cancer. In: Health Related Effects of Phyllosilicates,
NATO ASI Series, Vol G21 (J Bignon, ed). Berlin:Springer-Verlag,
1990;265-271.
37. Churg A, Wright J, Stevens B, Wiggs B. Mineral particles in the
human bronchial mucosa and lung parenchyma ofcigarette smok-
ers withoutemphysema. Am Rev Respir Dis 145 (4):A800 (1992).
38. Tipton IH, Shafer JJ. Statistical analysis oflung trace element lev-
els. Arch Environ Health 8:66-75 (1964).
Volume 102, Supplement 5, October 1994 275